We propose a radiative lepton model, in which the charged lepton masses are generated at one-loop level, and the neutrino masses are induced at two-loop level.
I. INTRODUCTION
Even though 26.8 % of energy density of our Universe is occupied by a non-baryonic dark matter (DM) [1, 2] , several current experiments are still under investigation of its nature from various points of view such as direct and indirect searches. As for the direct detection search, for example, XENON100 [3] and LUX [4] provides the most severe constraint on spin independent elastic cross section with nuclei; that is, the cross sections is less than around 10 −46 cm 2 at 100 GeV scale of DM mass. As for the indirect searches, AMS-02
has recently shown the positron excess with smooth curve in the cosmic ray, and reached the energy up to 350 GeV [5] . This result has a good statistics and support the previous experiment PAMELA [6] . On the other hand, the recent analysis of gamma-ray observed by
Fermi-LAT tells us that there may be some peak near 130 GeV [7, 8] . As for the neutrinos, their small masses and mixing pattern call for new physics beyond the standard model (SM).
Plank, WMAP9 and ground-based data recently reported a possible deviation in the effective neutrino number, ∆N eff = 0.36±0.34 at 68 % confidential level [2, [9] [10] [11] . Compensating this deviation theoretically might come into one of the important issues. In this sense, radiative seesaw models which support a strong correlation between DM and neutrinos come into an elegant motivation. Many authors have proposed such kind of models in, e.g., ref. 1 .
In our paper, we propose a model that neutrino masses as well as charged lepton (muon and electron) masses are generated by radiative correction. We obtain a large contribution to muon anomalous magnetic moment from the charged lepton sector as can be seen later. At the same time, one should mind constraints from lepton flavor violations (LFVs) like µ → eγ since it is closely correlated with anomalous magnetic moment. Since neutrino masses are generated at two-loop level, they are therefore naturally suppressed. As a result, unlike the TeV scale canonical seesaw mechanism, extremely small parameters are not required to lead the observed neutrino mass scale. Moreover the particles run in the loop can be DM candidates. Our scalar DM interacts with vector like charged fermions, which are added to the SM, and the other interaction should be suppressed to satisfy the direct search constraint.
Due to the interaction with the vector like charged fermions, a strong gamma-ray signal is emitted by the DM annihilation via internal bremsstrahlung preserving consistency with the 1 Radiative models of the lepton mass are sometimes discussed with Non-Abelian discrete symmetries due to their selection rules. See for example such kind of models: [47] [48] [49] [50] [51] .
thermal relic density of DM [52, 53] . In particular it is possible to adapt with the gamma-ray anomaly found in the Fermi data at around 130 GeV. The neutrino effective number is also led without conflicting with the other parts of DM physics.
This paper is organized as follows. In Sec. II, we show our model building for the lepton sector, and discuss Higgs sector, muon anomalous magnetic moment, and LFV. In Sec. III, DM phenomenology such as relic density, strong gamma-ray signal and the neutrino effective number is discussed. We summarize and conclude in Sec. IV.
II. THE MODEL
A. Model setup We construct a radiative lepton model with global U(1) ′ symmetry, in which charged lepton sector is obtained through one-loop level, and two-loop level for neutrino sector. In the model, only tau mass is generated at tree level, but electron and muon masses are generated at one-loop level. This is because tau mass is too heavy to generate radiatively.
The particle contents are shown in Tab 
2 Multi-component vector like fermions are required to produce the observed charged lepton masses and neutrino oscillation data. There are other patterns of particle content to derive proper lepton masses. 3 If Φ is charged under U (1)
′ , its breaking scale should be very large ( 10 12 GeV), which is inconsistent with the observed value ∼ 246 GeV.
is given by
where h implies SM-like Higgs with the mass of 125 GeV and H is an additional CP-even
Higgs mass eigenstate. The mixing angle α is given by
The Higgs bosons φ 0 and σ are rewritten in terms of the mass eigenstates h and H as
A Goldstone boson G appears due to the spontaneous symmetry breaking of the global U(1) ′ symmetry. This massless particle would be dark radiation contributing to the effective neutrino number we will discuss later [54] .
The resulting mass matrix of the neutral component of η and χ defined as
for CP even mass eigenstates where h ′ R and H ′ R are mass eigenstates of inert Higgses. The imaginary part of these inert Higgses (CP odd states) is defined by replacing the index R into I, hereafter. The mixing angle β R is given by tan 2β R = 2m
The η R and χ R are rewritten in terms of the mass eigenstates h
Each mass component is defined as
We note that we need mass splitting between η R (χ R ) and η I (χ I ) which is required to generate the non-zero lepton masses. The tadpole conditions for η and χ, which are given by
to satisfy the condition η = 0 and χ = 0 at tree level, respectively. In order to avoid that Φ = Σ = 0 be a local minimum, we require the following condition:
To achieve the global minimum at η = χ = 0, we find the following condition
Finally, if the following conditions 20) are satisfied, the Higgs potential Eq. (II.2) is bounded from below.
B. Charged lepton and neutrino mass matrix
The tau mass is given at tree level, after the spontaneous symmetry breaking as
On the other hand, the electron and muon masses are generated at one-loop, as can be seen in Fig. 1 as follows:
where F (x) = x log x/(1 − x). The total mass matrix is diagonalized by bi-unitary matrix.
From the mass formula, for example, the Yukawa coupling (y 
With the Dirac neutrino mass matrix, the active neutrino mass matrix is obtained by canon-ical seesaw mechanism as
In addition, there is another contribution to the neutrino masses coming from the right hand side of Fig. 2 . The mass matrix is expressed as [34] (
where the loop function F loop ik is given by 
C. The muon anomalous magnetic moment and Lepton Flavor Violation
The muon anomalous magnetic moment, (g − 2) µ , has been measured at Brookhaven National Laboratory. The current average of the experimental results [55] 
More preciously, the unitary matrices which diagonalize the charged lepton mass matrix should be multiplied from left and right. It is understood by replacing Yukawa couplings 
] is roughly 0.1. It is the common fact that muon g − 2 and Lepton Flavor Violation tend to conflict each other. In LFV processes, µ → eγ especially gives the most stringent bound. The upper limit of the branching ratio is given by Br (µ → eγ) ≤ 5.7 × 10 −13 at 95% confidence level from the MEG experiment [58] . In our model, the diagonal Yukawa matrix y η ℓ and y χ ℓ is required not to conflict with Lepton Flavor Violating processes such as µ → eγ. Nevertheless, the contribution to µ → eγ still comes from the neutrino sector, and it is calculated as
where α em =1/137 is the fine structure constant, G F is the Fermi constant and F 2 (x) is the loop function defined in ref. [59] . From the Eq. (II.29), we obtain a rough estimation for the Yukawa coupling y η n 0.05 by setting m η = M n ′ ∼ 500 GeV. This estimation does not contradict with the discussion of neutrino masses.
We have two DM candidates: vector like fermion n ′ , the lightest eigenstate of η 0 and
One may think the scalar DM candidate decays into the SM particles since the SM leptons also have odd charge under the imposed Z 2 symmetry in our model. However, the decay of the DM candidate is forbidden by Lorentz invariance.
Namely, this means that the scalar DM candidate can decay into only even number of fermion, however such a decay process is not allowed in the model.
We identify h ′ R is DM here since it has interesting DM phenomenology. The mixing angle sin β R is needed to be small enough since tiny neutrino masses are proportional to the mixing angle. Note that in the limit of sin β R → 0, there is no contribution from h in the scalar potential also should be suppressed not to have large elastic cross section with nuclei. Otherwise elastic scattering occurs via Higgs exchange and it is excluded by direct detection experiments of DM such as XENON [3] or LUX [4] . The spin independent elastic cross section with proton in the limit of sin β R → 0 is given by
where µ χ is reduced mass defined as
MeV is the proton mass and C ≈ 0.079. The couplings µ χχh and µ χχH are given by
The elastic cross section is strongly constrained by LUX as σ p 7.6 × 10 −46 cm 2 at m χ R ≈ 33 GeV. Thus the couplings λ Due to the strong constraint from direct detection of DM, the annihilation cross section for the process χ R χ R → f f via Higgs s-channel is extremely suppressed. The cross section is calculated as
where s ≈ 4m
rel /4), Γ h and Γ H are the decay width of h and H. With the above constraint from direct detection, the typical value of the annihilation cross section is roughly σv rel ∼ 10 −32 cm 3 /s which is too small to obtain the observed DM relic density Ωh 2 ≈ 0.12 [2] .
However there is the Yukawa interaction y ref. [52, 53] . The annihilation cross section is written as
where
The Yukawa couplings should be O(1) to achieve the correct relic density of the DM. As a result of the d-wave suppression of the 2-body cross section, internal bremsstrahlung process χ R χ R → ℓℓγ which generates sharp gamma ray spectrum around E γ ∼ m χ becomes strong as can be compared with the experiments such as Fermi-LAT [60] or future project CTA [61] without conflicting with the thermal relic density of DM. The predicted spectrum is stronger than that in case of p-wave dominant Majorana DM [7] . When µ i is far from 1, the gamma ray spectrum becomes broader. Thus roughly µ i 2 is needed to produce a sharp gamma ray spectrum.
Finally, we mention about the discrepancy of the effective number of neutrino species ∆N eff . This has been reported by several experiments such as Planck [2] , WMAP9 polarization [9] , and ground-based data [10, 11] , which tell us ∆N eff = 0.36 ± 0.34 at the 68 % confidence level. Such a deviation ∆N eff ≈ 0.39 is achieved, if we take the extra neutral boson H to be light as well as 500 MeV and small mixing angle sin α ≪ 1 [44, 54, 62] . 
IV. CONCLUSIONS
We have constructed a model where the neutrino and charged lepton masses are generated radiatively. The electron and muon masses are obtained from one-loop diagram while the neutrino masses arise through two-loop diagrams. The tau mass is rather heavy to generate radiatively, and is given by the tree level Yukawa interaction. Thus their measured mass hierarchies are naturally explained. Then we have obtained the large muon anomalous magnetic moment ((g − 2) µ ) as same as the observed value from the charged lepton sector.
Such a large magnetic moment tends to conflict with LFV processes. To avoid this, an appropriate parameter condition have been considered to be consistent with LFV.
The same symmetries that explain charged lepton and neutrino masses also allow some DM candidates. We have shown that our scalar DM can emit a strong gamma-ray by internal bremsstrahlung process which is possible to compare with the experiment such as Fermi-LAT. In addition, the thermal relic density of DM can be consistently derived unlike internal bremsstrahlung of Majorana DM. Simultaneously, when H is light (m H ∼ 500 MeV) and the mixing angle sin α is small enough, the Goldstone boson can play the role of dark radiation and we can also induce a sizable discrepancy in the effective neutrino number ∆N eff ≈ 0.39.
